Purpose Quantitative susceptibility mapping (QSM) is influenced by iron as well as myelin, which makes interpretation of pathologic changes challenging. Concurrent acquisition of MR sequences that are sensitive to axonal/myelin integrity, such as diffusion tensor imaging (DTI), may provide context for interpreting quantitative susceptibility (QS) signal. The purpose of our study was to investigate alterations in normal-appearing white matter (NAWM) in multiple sclerosis (MS) using QSM in conjunction with DTI. Methods Twenty relapsing-remitting MS patients and 20 age-matched healthy controls (HC) were recruited for this prospective study. QS, radial diffusivity (RD), fractional anisotropy (FA), and R2* maps within the whole brain as well as individual tracts were generated for comparison between NAWM and HC white matter (HCWM). Results MS lesions demonstrated significant differences in QS, FA, RD, and R2* compared to HCWM (p < 0.03). These metrics did not show a significant difference between whole-brain NAWM and HCWM. Among NAWM tracts, the cingulate gyri demonstrated significantly decreased QS compared to HCWM (p = 0.004). The forceps major showed significant differences in FA and RD without corresponding changes in QS (p < 0.01). Conclusion We found discordant changes in QSM and DTI metrics within the cingulate gyri and forceps major. This may potentially reflect the influence of paramagnetic substrates such as iron, which could be decreased along these NAWM tracts. Our results point to the potential role of QSM as a unique biomarker, although additional validation studies are needed.
Introduction
Conventional MR imaging has a high sensitivity for detecting focal demyelinating lesions in multiple sclerosis (MS) and plays an important role in diagnosis as per the 2010 revised McDonald Criteria [1] . Early studies in MS focused on associating disease severity with the spatiotemporal dissemination of these lesions but yielded limited correlations. The absence of an imaging biomarker specific for disability progression in MS has led to an interest in looking beyond focal white matter lesions, including the normal-appearing white matter (NAWM). However, unlike MS lesions, pathologic alterations in NAWM, including diffuse axonal damage and changes in myelination, are largely occult on conventional MR sequences [2, 3] .
To this end, MRI techniques for characterizing myelin and axonal damage have been developed to interrogate these alterations in vivo [4] [5] [6] . Quantitative susceptibility mapping (QSM) is a novel MRI method that has drawn interest as a potential imaging biomarker in MS [7] [8] [9] [10] . In contrast to diffusion-weighted imaging, quantitative magnetization transfer, and T2-relaxometry, which are influenced by changes in axonal and myelin integrity, quantitative susceptibility (QS) as characterized by QSM is thought to be predominantly influenced by iron and myelin content within human white matter [11] [12] [13] .
Previous studies have shown that white matter QS increases with decreasing diamagnetic myelin content resulting from "unmasking" of the underlying tissue QS [14] . Tissue iron also affects susceptibility, although in contrast to myelin, decreasing iron content will lead to decreases in QS [7, 14, 15] . As both myelin and iron contents are perturbed in MS, interpreting the biological basis for QS signal presents a challenge. Histologic correlation has been proposed for resolving this dilemma but is hindered by the logistical barriers associated with tissue sampling, particularly over multiple time points [16] . Alternatively, concurrent acquisition of MR sequences that differ in their sensitivities to myelin and tissue susceptibility could provide a surrogate to interpreting QS in vivo. For example, diffusion tensor imaging (DTI) metrics, such as fractional anisotropy (FA) and radial diffusivity (RD), are sensitive to axonal/myelin integrity but comparatively insensitive to tissue susceptibility. In the setting of increased QS, relative preservation of DTI metrics (such as RD which is thought to be more specific for myelin) would suggest an increase in iron content [17, 18] . The transverse relaxation rate of GRE sequences, R2*, is also affected by variations in myelin and iron concentrations in the brain [19] . However, in contrast to QS, decreases in myelin and iron would both decrease R2*.
There have been no published studies to date that have performed a multiparametric evaluation using QSM, DTI, and R2* in MS patients focusing on NAWM. The purpose of this study was (1) to compare the QS of focal lesions and NAWM in MS to the white matter of healthy subjects and (2) to correlate the QS of NAWM with FA, RD, and R2* over the whole brain as well as along major fiber tracts.
Methods

Study participants
This prospective study was approved by the institutional review board at the University of Texas Health Science Center at San Antonio. Twenty patients with relapsing-remitting MS (mean age 36.2 ± 9.7 years, 17 females) and twenty healthy age-matched controls (HC) (mean age 36.8 ± 10.4 years, 7 females) were recruited consecutively from August 2014 through October 2016. Inclusion criteria for MS patients were age from 18 to 60 years and fulfillment of 2010 revised McDonald criteria for MS [1] . Exclusion criteria were evidence of other structural brain diseases, severe claustrophobia, or other contraindication to MRI. Demographics and clinical characteristics of MS patients and HC volunteers are summarized in Table 1 .
Imaging protocol
Brain imaging was performed using a 3-T MRI scanner (Achieva; Philips, Amsterdam, Netherlands) with an eightchannel head coil. A three-dimensional T2*-weighted multiecho (5 echoes) gradient echo sequence was acquired with the following parameters: flip angle, 20°; first echo time, 4.2 ms; echo spacing, 4.8 ms; repetition time, 36.56 ms; field of view, 
Image analysis
The phase data from the five echoes was unwrapped using Laplacian-based unwrapping [15] . The normalized phase was subsequently calculated as previously described [12] . Background phase removal was then performed using the variable kernel sophisticated harmonic artifact reduction for phase data method (V-SHARP), with a spherical mean radius increasing from 0.6 mm at the boundary of the brain to 25 mm towards the center of the brain [20, 21] . QSM images were generated from the processed phase images using the improved sparse linear equation and least-squares (iLSQR) algorithm [12] . R2* maps were generated using a least square mono-exponential fit of the GRE magnitude data from the five echoes.
The T1-weighted images were processed and segmented using FreeSurfer version 5.3.0 (http://surfer.nmr.mgh. harvard.edu) [22, 23] . Diffusion data was reviewed for significant geometric distortions, and preprocessing was performed with motion and eddy current correction using the eddy tool in FSL (www.fmrib.ox.ac.uk/fsl). DTI metrics including FA and RD maps were derived along white matter tracts in all MS patients and HCs using the Tracts Constrained by Underlying Anatomy (TRACULA) tool within FreeSurfer as previously described [24] . These tracts included the forceps major, forceps minor, bilateral anterior thalamic radiations (ATR), cingulum angular bundles (CAB), cingulate gyri endings (CCG), corticospinal tracts (CST), inferior longitudinal fasciculi (ILF), superior longitudinal fasciculi parietal and temporal endings (SLFP and SLFT), and uncinate fasciculi (UNC). The TRACULA-derived white matter tract masks were then binarized and thresholded to include only voxels above 15th percentile using the fslmaths tool (www.fmrib.ox. ac.uk/fsl). White matter tract orientation with respect to the main magnetic field (B 0 ) was determined based on the direction of the main eigenvector from the DTI data.
The diffusion-weighted, multi-echo GRE and FLAIR images were registered to the T1w anatomic image using the boundary based registration tool in FreeSurfer. White matter lesion segmentation was performed using the lesion prediction algorithm as implemented in the Lesion Segmentation Toolbox (v. 2.0.13; www.statistical-modelling.de/lst.html) for SPM12 [25] . The generated lesion masks were then manually edited by an experienced neuroradiologist (F.Y., 7 years of experience) using the FLAIR images for reference. Masks of whole-brain cerebral white matter were created by combining the FreeSurfer segmentations of right and left hemispheric white matter and the corpus callosum. NAWM masks were generated by subtracting the lesion masks from the supratentorial cerebral hemispheric white matter masks. In order to compare tissue QS between individuals, the CSF QS within the lateral ventricular atrium was selected as an internal reference [26] .
Comparisons of metrics derived from QSM and DTI in NAWM and lesions in the MS patient group was performed using the two-sample t test. Comparisons of NAWM and lesions to HC white matter (HCWM) metrics were performed using analysis of variance (ANOVA), adjusting for sex (due to the difference in sex ratios between MS and HC groups). The Mann-Whitney U test was used to compare subsets of MS patients with only enhancing lesions and non-enhancing lesions to healthy subjects, while the Wilcoxon signed rank test was used to compare these MS subsets to each other. Correlation between QS and different MRI parameters was performed using a two-sided Pearson correlation. A statistical threshold of P < 0.05, false discovery rate (FDR) correction, was used to address the issue of multiple comparisons. Statistical analyses were performed using the Statistical Package for the Social Sciences (IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.).
Results
MRI metrics in whole-brain white matter Figure 1 shows the QS and DTI parameters (FA, MD, RD, AD) within NAWM, MS lesions, and the white matter of healthy controls (HCWM) (Supplemental Materials - Table 1 ). There were a total of 367 lesions with an average of 18.35 ± 12 lesions per patient. Lesions showed significantly higher QS (3.9 × 10 −3 ± 2.2 × 10 Both RD and FA demonstrated statistically significant differences between lesions and NAWM, as well as between lesions and HCWM. FA was markedly reduced in MS lesions (0.31 ± 0.025) compared to NAWM (0.36 ± 0.021, p < 0.0001). RD was significantly higher in MS lesions (9.3 × 10 −4 ± 7 × 10 −5 ) compared to NAWM (6.3 × 10 −4 ± 3.0 × 10 −5 in NAWM, p < 0.0001). However, there was no significant difference between NAWM and HCWM for either DTI metric after adjusting for sex and multiple comparisons (p > 0.05). R2* was significantly reduced in MS lesions (20.1 ± 2.6 Hz) compared to both NAWM (23.7 ± 1.6 Hz, p < 0.0001) as well as HCWM (24.7 ± 1.1 Hz, p < 0.0001). However, no statistically significant difference in R2* was noted between NAWM and HCWM. There was no significant correlation between QS and the diffusion metrics or EDSS within lesions or NAWM (Supplemental Materials - Table 2 ). However, there was a mild positive correlation between R2* and QS within lesions (R = 0.463, p = 0.04).
MRI metrics in individual white matter tracts
QS varied between individual white matter tracts for both NAWM and HCWM. (Fig. 3 ) (Supplemental Materials - Table 3 , p = 0.008). Among white matter tracts, the CST was aligned most parallel to the applied B 0 at approximately 40-60°, while the other tracts were aligned between 80−90°relative to B 0 . However, there was no significant difference in orientation between the NAWM and HCWM tracts. There were nonsignificant trends (p = 0.08-0.09) towards decreased NAWM R2* along the forceps minor, ILF, and UNC.
No significant correlations were found between QS and EDSS along the NAWM tracts. Prior to adjusting for multiple comparisons, the forceps major, ILF, and SLFT showed negative correlations between QS and FA (Supplemental Materials - Table 4 ). Positive correlations between QS and RD were noted along the forceps major, CAB, CCG, and SLFT. There were also negative correlations between QS and tract orientation with respect to B 0 along the ATR, CAB, ILF, and SLFT. R2* showed positive correlations with QS along the CCG and UNC. Of note, after adjusting for multiple comparisons, these correlations did not demonstrate significance.
Discussion
In this study, we probed QS in conjunction with DTI metrics (RD and FA) and R2* in the white matter of MS and HC subjects. We found that there was a trend towards decreased QS in whole-brain NAWM compared to lesions, but this did not differ significantly from HCWM. Our tract-based analysis showed NAWM QS was significantly lower compared to HCWM along the CCG. Additionally, NAWM DTI metrics differed most significantly from HCWM along the forceps major without a corresponding change in QS. Nonsignificant trends towards decreased R2* was noted along several NAWM tracts, which could reflect iron or myelin loss. These results suggest that there may be decreased paramagnetic substrate along the NAWM tracts such as the CCG and forceps major. 
Evaluation of QS and DTI parameters in MS lesions
Consistent with previous reports, MS lesions showed higher average QS than NAWM as well as HCWM [8, 10, 18] . Additionally, the DTI metrics showed evidence of perturbed tissue microstructure, including myelin loss as suggested by increased RD [17] . The decreased R2* also provides evidence of myelin loss within lesions. Similar to iron deposition, demyelination increases QS by removing the diamagnetic "masking" effect of myelin [8, 9, 15] .
The lack of a significant correlation between QS and DTI results suggests that these metrics are primarily influenced by separate substrates within lesions. A number of mechanisms have been suggested to account for QS alterations in lesions, including increased iron content from infiltration of microglia/ macrophages and release of extracellular iron from degenerating oligodendrocytes [27, 28] . Demyelination would increase the QS within a lesion but only to that of CSF; positive QS would necessarily reflect the presence of paramagnetic substrates (iron). On the other hand, DTI metrics are likely influenced by alterations in white matter integrity conferred by myelin as well as axons, without a significant contribution from iron (at the concentrations found in MS) [6, 23, 29] .
Of note, the relationship between DTI metrics and QS may be variable as one could potentially observe a positive correlation in acutely demyelinating lesions that do not have significant iron accumulation. However, with increasing iron deposition over time having a significant contribution to tissue QS, that correlation may be lost (the majority [~97%] of the lesions in our study appear to have been subacute or chronic given the lack of gadolinium enhancement) [9, 10] .
We identified a mild positive correlation between QS and R2*, which likely corresponds to the observation that iron accumulation increases both parameters [30, 31] . In contrast to QS, R2* was overall significantly decreased in lesions compared to NAWM and HCWM. This may be accounted for by the fact that myelin loss has an opposing effect on R2*; within lesions, it appears to outweigh the effect of iron accumulation. However, this likely depends on lesion age and the corresponding changes in myelin and iron content.
Evaluation of QS and DTI parameters in NAWM
From our tract-based analysis, we found differences in QS between white matter tracts within both MS and HC groups. These findings could be partly accounted for by susceptibility anisotropy, wherein the anisotropic contribution should become increasingly diamagnetic for more perpendicularly oriented tracts relative to B 0 [14, 32] . This is in agreement with the negative correlations we found between QS and orientation along several NAWM tracts. However, susceptibility anisotropy is only one factor that can influence bulk tissue QS [14] . For example, although the CST was the most parallel tract to B 0 , it was the most diamagnetic fiber tract rather than the most paramagnetic. This indicates that other factors, such as myelin integrity and iron content, can also contribute to bulk tissue QS to an equal or greater magnitude than the anisotropic effects [8, 16, 33] . Of note, we did not observe substantial differences in tract orientation between NAWM and HCWM, suggesting that significant variations in QS between the two groups were unlikely the result of susceptibility anisotropy.
Consistent with prior studies utilizing DTI, we found trends of decreased FA and increased RD along several NAWM tracts suggesting pathological changes such as demyelination and axonal loss [29, [33] [34] [35] [36] [37] . Although decreased myelin content should lead to an increase in QS, the majority of NAWM tracts instead demonstrated no significant difference (or decreased QS along the CCG) compared to HCWM [8, 16] . These findings suggest that like lesions, alterations in DTI metrics and QS in the NAWM may be predominantly influenced by different substrates.
Along these lines, changes in paramagnetic substrates such as iron could play an important role in the observed QS in NAWM [14] . Specifically, the lack of a significant increase in QS in the NAWM despite evidence of myelin/axonal loss suggests that there may be concurrent iron loss. The mild trend we observed towards decreased R2* along several of the NAWM tracts, which can result from iron loss and demyelination, is congruent with this. Taken together, our QSM results are consistent with prior imaging and pathology studies that have found evidence of decreased iron content in NAWM [18, 30, 38, 39] . Such depletion could have important implications as iron plays an important role in maintaining cellular functions such as metabolism and lipid synthesis [40, 41] . Interestingly, other QSM studies have reported increased iron accumulation in the basal ganglia of MS patients [18, 27, 30] . From this perspective, iron dysregulation in MS may be characterized as a redistribution between different brain regions rather than as strictly iron accumulation or depletion [28] .
As noted above, we found that the CCG demonstrated the most significant decrease in QS compared to HCWM. However, no significant correlation with clinical impairment (EDSS scores) was appreciated. It has been proposed that the CCG is involved in cognitive tasks such as emotion and memory, while also forming part of the default mode network [42, 43] . Therefore, clinical tests that focus on cognition such as the multiple sclerosis functional composite may be more appropriate for determining this relationship.
A recent study reported increased NAWM QS in patients who had only non-enhancing lesions compared to HC subjects, and no significant difference in patients with enhancing lesions [44] . However, among patients in our study with only nonenhancing lesions, we found no significant QS difference between whole-brain NAWM compared to HCWM. This difference could potentially be attributed to different analysis methods, as we interrogated the whole-brain NAWM as opposed to selected ROIs. Specifically, QS may vary depending on the relative white matter location (i.e., periventricular, deep, subcortical, and perilesional) as well as within different brain regions (i.e., centrum semiovale versus corpus callosum).
Along these lines, a separate study focusing on thalamic WM found decreased QS in MS compared to HC [39] .
Furthermore, iron content in NAWM may vary between different patients (i.e., relapsing-remitting versus primary progressive subtypes) as well as within the same patient over time [44] . With regard to the latter, Hametner et al. found iron deposition in the NAWM of patients with acute MS similar to healthy populations, while patients with chronic disease exhibited iron depletion [38] . Unfortunately, we were not able to further interrogate these issues in the current study due to the lack of serial imaging, although future longitudinal studies could help to elucidate this relationship.
Limitations
Although the DTI metrics we analyzed are thought to correlate with white matter structural integrity, they have limited specificity for distinguishing between myelin and axonal changes [45] . Dispersion of fiber orientations further limits the interpretation as does the relatively low diffusion resolution (16 directions in our protocol) [33, 46] . Future research could address this limitation through the addition of more specific myelin (i.e., quantitative magnetization transfer ratio and macromolecular tissue volume) and axonal imaging markers (AxCaliber, neurite orientation dispersion and density imaging [NODDI]) [46] [47] [48] .
The small size of our cohort as well as unequal sex distribution between the MS and HC study groups also limits generalizability of the findings. We accounted for the latter in our statistical analysis as described in the "Methods" section, which yielded decreased statistical significance of the results (see Supplemental Tables). Future work utilizing a larger matched study populations as well as with longitudinal data to assess changes over time would be helpful in this regard. The interpretation of QS alterations in NAWM would also benefit from the direct correlation with histology, in conjunction with other advanced imaging techniques, as has been previously suggested [16] .
Conclusions
We found increased QS in lesions compared to HCWM, but no significant difference between NAWM and HCWM for the whole brain. Among white matter tracts, the CCG showed significantly decreased QS in NAWM compared to HCWM. DTI metrics showed evidence of NAWM injury, including probable myelin loss, that was most pronounced within the forceps major without a significant corresponding change in QS. Non-significant trends of decreased R2* was also noted along several NAWM tracts, which can be seen with myelin as well as iron loss. Considering that diamagnetic myelin loss should increase QS, the unchanged and/or slightly decreased QS suggests that there may be concurrent paramagnetic substrate loss from these NAWM tracts. Taken together, our results point to a potential complementary role for QSM as a novel imaging contrast for assessing changes in paramagnetic substrates in MS. Validating these findings and their clinical implications, particularly concerning determining prognosis and monitoring therapy, are potential areas for future research.
